Occupational exposure to benzene is known to cause leukemia, but the mechanism remains unclear. Unlike most other carcinogens, benzene and its metabolites are weakly or nonmutagenic in most simple gene mutation assays. Benzene and its metabolites do, however, produce chromosomal damage in a variety of systems. Here, we have used the glycophorin A (GPA) gene loss mutation assay to evaluate the nature of DNA damage produced by benzene in 24 workers heavily exposed to benzene and 23 matched control individuals in Shanghai, China. The GPA assay identifies stem cell or precursor erythroid cell mutations expressed in peripheral erythrocytes of MN-heterozygous subjects, distinguishing the NN and N0 mutant variants. A significant increase in the NN GPA variant cell frequency (Vf) was found in benzene-exposed workers as compared with unexposed control individuals (mean ± SEM, 13.9 ± 1.7 per million cells vs. 7.4 + 1.1 per million cells in control individuals; P = 0.0002). In contrast, no significant difference existed between the two groups for the N0 Vf (9.1 + 0.9 vs. 8.8 + 1.8 per million cells; P = 0.21). Further, lifetime cumulative occupational exposure to benzene was associated with the NN Vf (P = 0.005) but not with the N0 Vf (P = 0.31), suggesting that NN mutations occur in longer-lived bone marrow stem cells. NN variants result from loss of the GPA M allele and duplication of the N allele, presumably through recombination mechanisms, whereas N0 variants arise from gene inactivation, presumably due to point mutations and deletions. Thus, these results suggest that benzene produces gene-duplicating mutations but does not produce gene-inactivating mutations at the GPA locus in bone marrow cells of humans exposed to high benzene levels. This finding is consistent with data on the genetic toxicology of benzene and its metabolites and adds further weight to the hypothesis that chromosome damage and mitotic recombination are important in benzene-induced leukemia.
ABSTRACT
Occupational exposure to benzene is known to cause leukemia, but the mechanism remains unclear. Unlike most other carcinogens, benzene and its metabolites are weakly or nonmutagenic in most simple gene mutation assays. Benzene and its metabolites do, however, produce chromosomal damage in a variety of systems. Here, we have used the glycophorin A (GPA) gene loss mutation assay to evaluate the nature of DNA damage produced by benzene in 24 workers heavily exposed to benzene and 23 matched control individuals in Shanghai, China. The GPA assay identifies stem cell or precursor erythroid cell mutations expressed in peripheral erythrocytes of MN-heterozygous subjects, distinguishing the NN and N0 mutant variants. A significant increase in the NN GPA variant cell frequency (Vf) was found in benzene-exposed workers as compared with unexposed control individuals (mean ± SEM, 13.9 ± 1.7 per million cells vs. 7.4 + 1.1 per million cells in control individuals; P = 0.0002). In contrast, no significant difference existed between the two groups for the N0 Vf (9.1 + 0.9 vs. 8.8 + 1.8 per million cells; P = 0.21). Further, lifetime cumulative occupational exposure to benzene was associated with the NN Vf (P = 0.005) but not with the N0 Vf (P = 0.31), suggesting that NN mutations occur in longer-lived bone marrow stem cells. NN variants result from loss of the GPA M allele and duplication of the N allele, presumably through recombination mechanisms, whereas N0 variants arise from gene inactivation, presumably due to point mutations and deletions. Thus, these results suggest that benzene produces gene-duplicating mutations but does not produce gene-inactivating mutations at the GPA locus in bone marrow cells of humans exposed to high benzene levels. This finding is consistent with data on the genetic toxicology of benzene and its metabolites and adds further weight to the hypothesis that chromosome damage and mitotic recombination are important in benzene-induced leukemia.
Occupational exposure to benzene has been associated with aplastic anemia, leukemia, and other related blood disorders (1) (2) (3) . Despite extensive research, the method by which benzene produces this toxicity remains unclear. Unlike most other carcinogens, benzene and its phenolic metabolites are weakly or nonmutagenic in most simple gene mutation assays (1, (4) (5) (6) (7) . Benzene and its metabolites do, however, produce chromosomal damage in a variety of systems. For example, they induce chromosomal aberrations, micronuclei, and sister chromatid exchanges in human lymphocytes in vitro (8) (9) (10) (11) (12) (13) (14) (15) . Many studies have also shown that benzene produces both structural and numerical chromosomal aberrations in the peripheral blood
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lymphocytes of occupationally exposed individuals (refs. 16- 18, among others). Because consistent chromosomal aberrations have been observed in human leukemias and lymphomas, the induction of chromosomal damage by benzene or its metabolites may be critical in the development of benzeneinduced leukemia. However, the nature of mutations produced at specific gene sites in the bone marrow, the target organ for benzene toxicity, has not been studied to date in humans.
Here, we have used the glycophorin A (GPA) mutation assay to detect different types of mutagenic events in the bone marrow of workers occupationally exposed to benzene. The GPA assay measures somatic cell mutation frequency in peripheral erythrocytes and is one of several phenotype somatic cell mutation assays available to study human populations (19) (20) (21) . Because mature erythrocytes lack a nucleus, mutations expressed in erythrocytes must have occurred exclusively in precursor erythroid cells or stem cells in the bone marrow; this is particularly relevant for studying the effects of benzene because bone marrow cells are the target site for benzene-induced leukemia. The GPA assay is thought to detect a wide spectrum of mutational mechanisms, including point mutations, deletions, and chromosomewide events or autosomal chromosome interactions, such as mitotic recombination (20) . These mechanisms are especially important in the loss of heterozygosity of tumor-suppressor genes, as reviewed by Grant et at (22) .
The GPA locus is located on chromosome 4 and codes for an erythrocyte lineage-specific surface protein, which exists in two allelic forms, M and N (23). The GPA assay measures the frequency of variant cells that have lost expression of the M form in blood samples from heterozygous (MN) individuals (23) . Variant cells are detected by treating sphered, fixed erythrocytes with fluorescent-labeled monoclonal antibodies specific for the M and N forms and counting variant cells that bind the anti-N antibody but do not bind the anti-M antibody by flow cytometry (20, 23 Peripheral blood from each subject was analyzed by a Coulter Counter (model T540) for absolute lymphocyte count. Study subjects in the benzene-exposed workplaces provided a spot urine sample at the end of their work shift or at the end of the high-exposure period during their work shift. The benzene metabolite phenol, which is a good indicator of absorbed benzene at the levels in these factories, was measured in urine samples by using a modification of a previously described isotope dilution gas chromatography/mass spectroscopy (GC/MS) assay (24 Anti-N (BRIC 157) and anti-M (6A7) antibodies were obtained as cell-culture supernatant from BioProducts Laboratory Commercial Department (Elstree, U.K.) and were purified by ammonium sulfate precipitation and protein G (Pharmacia/LKB) chromatography, respectively. Fluorescent and biotin labelings were as described (23) . The BR6 assay of Langlois et at (23) allows five million cells to be logged to a single data file and provides 256 channels along each of the FL1 (x) and FL2 (y) axes of the dot plots. Spherical, singlet erythrocytes were selected for analysis using a polygonal gate based on forwardscatter versus side-scatter dot plots. The N0 and NN windows were 24 channels wide out of 256 channels on the FL1 axis and were individually adjusted using the MN mean peak for each specimen. The windows on the FL2 axis were from the baseline to 40-77, depending on the result on the day's calibration with homozygous samples (23); the variation was due to different detector gain settings. All samples were analyzed in duplicate. The duplicates were independently fixed, stained, and analyzed on different days. Two analyses were discarded based on visual inspection of the raw data; these individual's variant frequencies are consequently based on a single determination. All others were averaged.
Statistical Methods. Summary values are presented as mean ± SD unless otherwise noted. Simple correlation analyses were done with Spearman rank-order correlation. The distribution of original, untransformed NN and N0 Vf data within the benzene-exposed and control groups is portrayed by using Box and Whisker plots. The NN and N0 Vf data were normalized with a logarithmic transformation, and group differences were tested by Student's t test. Analysis of covariance was used to test for Vf differences between groups after adjustment for demographic variables including age, sex, current and lifetime tobacco use, alcohol consumption, diagnostic x-ray exposure, and body mass index (BMI), a measure of obesity calculated as weightkg/ height2meter. Cumulative benzene exposure was transformed by the square root to place it in the general range of the other independent variables (e.g., age). (17) 10 (43) 13 (57) 15 (65) 0 (0) 8 (35) A dose-response relationship between GPA Vf values and cumulative benzene exposure was tested by multiple linear regression, with subjects within each category of exposure (0, 1-100, 101-500, and >500 ppm-yr) assigned the median exposure for that category. Exposure categories were created by dividing the exposed subjects into approximate tertiles within even exposure cut-offs and was done before analyzing the GPA Vf data. Evaluation of a dose-response relationship by exposure category allowed us to determine whether there was a monotonic increase in GPA Vf from one exposure level to the next. Age and sex, the original matching variables, were retained in all models. The demographic variables described in the preceding paragraph were evaluated for their potential confounding of the dose-response relationship. Two-tailed P values <0.05 were considered statistically significant.
RESULTS
Twenty-four (55%) of the benzene-exposed group and 23 (52%) of the control group were heterozygous (MN) for the GPA locus and could therefore be analyzed for GPA mutation frequency. The mean ± SD age of the MN subjects in the exposed group was 34.2 ± 6.8 yr compared to 35.1 ± 6.7 yr among the MN controls. Sex distribution and smoking habits were similar (Table 1) . Mean pack yr (average number of cigarette packs smoked per day x number of years of smoking) of cigarette use was 7.4 ± 5.3 pack yr among exposed smoking workers and 9.8 ± 7.2 pack yr among smoking controls. Self-reported current tobacco use positively correlated with urine cotinine levels (adjusted for creatinine) measured by GC/MS (r = 0.85, P = 0.0001). BMI was similar in both groups (22.4 ± 3.6 kg/M2, exposed workers; 22.0 + 2.1 kg/M2, control individuals).
Among the 24 MN benzene-exposed workers, mean duration of employment was 6.9 ± 4.9 yr (range, 0.7-16.5 yr). Table  2 describes current and historical benzene exposure in this population. Current benzene exposure was exceptionally high (median, 66 ppm) and positively correlated with urine phenol levels (r = 0.63, P = 0.003, for 20 workers who provided a urine sample on the same day air was monitored). Median lifetime cumulative benzene exposure was 270 ppm-yr (Table 2) . Current and lifetime cumulative benzene exposure correlated with each other at r = 0.49 (P = 0.01).
The combined NN and NO Vf was substantially higher among the benzene-exposed workers than among the control individuals (mean + SEM; 23.0 + 2.1 vs. 16.3 ± 2.3 per million cells, P = 0.005). This relationship was primarily due to differences in the NN Vf, which was about twice as high among the benzene-exposed workers compared with controls (mean ± SEM, 13.9 + 1.7 vs. 7.4 ± 1.1 per million cells, P = 0.0002) (Fig. 1A) . In contrast, there was not a significant difference between the two groups for the N0 Vf (mean ± SEM: 9.1 ± 0.9 vs. 8.8 ± 1.8 per million, P = 0.21) (Fig. 11B) . These findings were unchanged after adjustment for age, sex, current, and lifetime tobacco use, BMI, alcohol consumption, and diagnostic x-ray exposure. There was a positive correlation between the N0 Vf and NN Vf, which was stronger but not statistically Medical Sciences: Rothman et at IB significant among the exposed subjects (r = 0.36, P = 0.09 and r = 0.19, P = 0.39, for exposed and control subjects, respectively).
Because the windows for scoring NN and N0 variants are contiguous, slight variation in placing these windows can alter the designation of mutants at the NN/N0 interface. To determine whether the findings described above might be influenced due to difficulty in clearly separating each mutant class, we eliminated one channel on either side of the NN/N0 interface, resulting in a 7% decrease in the NN Vf and a 9% loss in the N0 Vf. Recalculated differences between exposed Fig. 1. and unexposed subjects were unchanged (NN Vf difference, P = 0.0001; N0 Vf difference, P = 0.23). Subsequent analyses were done for NN and N0 Vf values separately because the preceding results suggested that benzene exposure affects these two mutation rates in different ways.
The association between lifetime cumulative benzene exposure and NN Vf values categorized into 0, 1-100, 101-500, and >500 ppm-yr of benzene exposure is presented in Fig. 2A , which portrays a highly significant positive trend (P = 0.005). This was minimally changed after adjustment for the variables described above. Further, the difference in NN Vf values between the lowest (0 ppm-yr) and highest (>500 ppm-yr) category was highly significant (P = 0.001). Similar results were obtained by using noncategorized exposure data. The equation ln(NN Vf) = 0.024 (cumulative exposure)112 + 1.92 was significant at P = 0.0002 (P = 0.0008, adjusted for age and sex). In contrast, there was no association detected between the N0 Vf and cumulative exposure (P = 0.31) (Fig. ZB) and no difference was seen between the lowest and highest exposure category (P = 0.29). With noncategorized exposure data, the equation ln(N0 Vf) = 0.0087 (cumulative exposure)112 + 1.89 was not significant (P = 0.21), and this association was further weakened after adjustment for age and sex (P = 0.37).
Among the 24 benzene-exposed workers, the NN Vf positively correlated with lifetime cumulative benzene exposure as a continuous variable but did not correlate with current benzene exposure ( Table 3 ). The opposite effects were seen with the peripheral absolute lymphocyte count, which was inversely correlated with current benzene air levels and urine phenol but was not correlated with cumulative exposure. In contrast, the N0 Vf value was not significantly correlated with any measure of benzene exposure (Table 3) .
DISCUSSION
We measured GPA mutation frequency in peripheral erythrocytes from 24 workers exposed. to benzene and in 23 unexposed controls. Overall, the GPA mutation frequency was higher in the benzene-exposed workers due to an increase in the frequency of NN variants. Furthermore, the frequency of NN but not of N0 mutants increased progressively with rising lifetime cumulative benzene exposure. Of note is that among the exposed workers, the NN mutation frequency correlated with cumulative but not with current benzene exposure, suggesting that benzene causes repeated damage to longer-lived stem cells in human bone marrow. Because bone marrow stem cells are considered pluripotent, our finding has potential relevance for understanding the mechanism of DNA damage responsible for benzene-associated leukemia. The absolute lymphocyte count inversely correlated with current but not with cumulative exposure, which was expected because peripheral white blood cell counts decline within several months of initial contact with high levels of benzene and generally return to baseline after benzene levels are reduced below hematotoxic levels (26, 27) . (29) and some leukemias (30) . Because these translocations appear to be centrally involved in the development of the leukemic phenotype, further investigation of the ability of benzene and its metabolites to induce recombination is warranted.
Elevated frequencies at the GPA locus have been found in subjects exposed to ionizing radiation (31) (32) (33) , in patients receiving anti-neoplastic drugs (34) (35) (36) , and in people with cancer-prone syndromes (37) (38) (39) ). An excess of both N0 and NN variants was found in patients with Bloom syndrome (with NN variants higher than N0) (37) and Fanconi anemia (39) . An increase in only N0 variants was found among Chernobyl clean-up workers exposed to ionizing radiation (33); a greater increase was detected in N0 than in NN variants in germ-cell tumor patients receiving platinum-based chemotherapy (35) ; and, an increase was found for both variants among childhood Hodgkin disease patients receiving combination chemotherapy (36) . In contrast, our study found a significant increase only for NN variants among benzene-exposed workers. These studies support the use of the GPA assay to gain insight into both the presence and nature of genetic damage in bone marrow cells caused by different carcinogenic agents. Further, we suggest that a similar mechanism may be involved in the production of genetic mutations in Bloom syndrome and by benzene because both result in increased levels of NN variants.
In conclusion, heavy benzene exposure produces a selective increase in NN mutations in the GPA assay. The most likely form of mutation produced is mitotic recombination in longerlived stem cells. To the extent that benzene produces similar types of mutations in genes involved in leukemogenesis, such genetic alterations may be important in benzene-induced leukemia. Further studies are needed of larger populations of exposed workers to reproduce this finding and to examine the ability of benzene metabolites to induce mitotic recombination in human cells.
Finally, we would note that current exposure levels to benzene in these factories were much higher than we had expected to find at the outset of this study. These levels are not representative of exposure patterns in Chinese industry today, which decreased to an average of 8 ppm (8-hr time-weighted average) as of 1987 (25) . Remedial action has been taken at two of the workplaces with the highest exposures and has included substitution of toluene for benzene, enclosure of reaction vessels, and improvement in ventilation.
